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ABSTRACT 
 Shallow slough slides have occurred along the river \side slope of Mississippi River 
Levees for over sixty years.  Shallow slough slides also occur along smaller levees that protect 
tributaries of the Mississippi River.  This investigation takes place along a section of the 
Coldwater River Levee, a tributary levee of the Mississippi River.  Field observation, soil 
samples, and geophysical data were collected at two field sites located on the border of Tate and 
Tunica County, MS.  The first site consists of a developed shallow slough slide that had occurred 
that has not yet been repaired and the second site is a potential slide area.  Electromagnetic 
induction and electrical resistivity tomography were the geophysical methods used to define 
subsurface conditions that make a levee vulnerable to failure.  These electrical methods are 
sensitive to the electrical conductivity of the soil and therefore depend upon: soil moisture, clay 
content, pore size distribution as well as larger scale structures at depth such as cracks and 
fissures.  These same physical properties of the soil are also important to assessing the 
vulnerability of a levee to slough slides.  Soil tests and field observations were also implemented 
in this investigation to describe and classify the soil composition of the levee material.    The 
problem of slough slide occurrence can potentially be reduced if vulnerabilities are located with 
the help of geophysical techniques. 
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CHAPTER 1 
SHALLOW SLOUGH LEVEE SLIDES: AN INTRODUCTION 
1.1 Slough Slide Introduction 
 Shallow slough levee slides have occurred along Mississippi River levees for over 60 
years and thousands have been repaired (Templeton, 1985).  Shallow slough slides occur on the 
riverside slope of a levee and have been shown to be the result of the aging process that alters the 
water retention properties of the soils (Skempton, 1970).  Slough slides commonly consist of 
clay material and are defined by the slide material to the slip-plane usually having a maximum 
depth between 4 to 8 feet.  Failure is often triggered by heavy rainfall after an extended period of 
weathering (Fleming et al, 1992).  A typical slough slide is shown in Figure 1 as a cross section 
and plan view. 
Previous studies on slough slide detection along the Mississippi River Levee have been 
done using optical remote sensing to assess and monitor surface conditions.  Geophysics 
however, can be a useful tool for characterizing subsurface features of the levee material that can 
influence a slide event.  While levee slides are more of an inconvenience, reoccurrence can 
threaten the structural integrity of the levee. 
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Figure 1-1. Cross Section and Plan View of Slough Slide (Fleming et al, 1992) 
1.2 Soil Properties 
 Soil properties are important parameters to consider when characterizing shallow slough 
slides.  The U.S. Army Corps of Engineers (USACE) performs soil testing surveys to 
characterize the material used in levee construction in their districts.  The American Society for 
Testing and Material (ASTM) defines a clayey soil’s to have a particle size less than 0.074-
0.05mm and pass through a #200 U.S. Standard Sieve (Rahn, 1996).  Additional parameters for 
determining fine-grained soils are the Atterberg Limits.  The Atterberg Limits test is used when 
more than 15% of the dry soil mass passes through the 200 sieve (Rahn, 1996).  Atterberg Limits 
are used to determine the plastic limit (PL), liquid limit (LL), and plasticity index (PI).  The PL 
is the water content at which the soil becomes plastic from a solid state.  The LL is the water 
content at which the soil transitions to a liquid from a plastic state.  The PI is the water content 
range where the soil shows plastic behavio
plasticity chart used for classifying fine
material, and if it has a high or low plasticity.  Sills (1983) suggests that when the LL value is 
above 60 and the PI value is above 40 a shallow slough slide is likely to occur.
Figure 1-2. USCS Plasticity Chart for characterization of clays (Rahn, 1996)
1.3 Slide Failure Development 
Clay material aging will result in a texture change (referred to as buckshot, crumb, or 
blocky) that can originate from freezing, thawing, accumulation
precipitation, oxidation or reduction, additional weathering, and wetting and drying events 
(Popescu 1980). 
Weathering heavily influences the stability of clay material by re
through desiccation which will cause strain
shrinking (Fleming et al, 1992).  Clay material will dry, 
begin to seep into the cracks and cause 
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r and is calculated as PI = LL - PL.  Figure 1
-grained soil and determining the composition of the 
 
 and decay of organic matter, 
ducing the strength 
 to be induced during the cycle of swelling
cracks will form and water can then 
the clay material at greater depths to swell.
-2 is the 
 
 
 and 
  The cycling 
of shrinking and swelling through wetting and drying periods will cause clay material to age 
(Skempton, 1970).  Results have shown that when the clay material swells, there is a permanent 
increase in volume and an increase in stress 
materials will cause more cracks and fissures to be developed and water, primarily from rain, 
will fill these cracks and fissures and the clay
strength.  Weathering will eventually t
Figure 1-3, which is commonly associated wit
 
Figure 1-3. Photograph of Buckshot texture in weathered clay
The softened clay material combined with the loss of shear 
drying can result in a shallow slough
1.4 Residual Strength and Progressive Failure
 Skempton (1970), defined the residual strength as
their peak strength and begin to undergo significant displacement.  Residual strength plays an 
important role in slough slides because it controls the stability of the slope.  Sills (1983) 
describes residual strength as a time dependent loss in shear strength due 
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(Fleming et al, 1992).  Over time weathering of clay 
 material will soften resulting in reduce
ransform the material to a “buckshot” texture
h levee slides (Neuner, 2002).   
 
 
strength due to periods of wetting and 
 slide failure (Fleming et al, 1992). 
 
 when once stiff-fissured clays reach 
to: 1) softening, 2) 
d shear 
, shown in 
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weakening, and 3) disruption of the double-layer water in clay materials.  Clay materials soften 
due to the presence of water and will lose strength and when the material dries it will be 
remolded.  Weakening is a change in the softness of the clay.  The disruption of the double-layer 
due to water in clay material is described by Neuner (2002).  During the cycle of wetting and 
drying, water is absorbed, evaporated, and leads to the development of cracks.  These cracks 
become larger over time, more water is absorbed, and the volume increases (Popescu 1980).  
When the clay material dries the increase in volume will increase the stress and reduction in 
strength to the residual strength (Neuner, 2002). 
 Skempton (1970) refers to progressive failure as the processes to take the clay past the 
peak strength. The fissures in the clay material play a significant role in concentrating stress and 
lead to the softening of the clay material.  Fissures can reduce the strength of over-consolidated 
clays (Skempton, 1964).  Reoccurrence is vital to failure.  According to Neuner (2002) when the 
load at one point along the failure surface reaches the peak strength, it will slip, and the stress at 
that point is then reduced to the residual strength and the load is transferred to other points along 
the surface.  This reoccurring cycle of differential loading of the soil along the plane of failure is 
known as progressive failure where the slope of the levee typically fails at the toe and will 
continue to slump towards the crown. 
1.5 Rain Effect 
 A slough slide is likely to occur after a large rain event preceded by an extended period of 
drying.  According to Sills (1983), due to slaked material after a rainfall, the weathered area has 
an effective porosity that is much greater than the un-weathered area.   This discontinuity 
between the weathered and un-weathered area causes a perched water table to develop and will 
reduce the shear strength.  The reduction in strength, water weight, and clay material aging 
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process will cause failure (Neuner, 2002).  Figure 1-4 shows the relationship between slide 
occurrence and rainfall. 
Figure 1-4. The relationship between slide occurrence and rainfall from years 1964 – 1979.  The 
years with the most rainfall are the years where more slides are likely to occur (Sills, 1983) 
 
1.6 Detection and Repairs 
 The USACE has found that shallow slough slides occur on the riverside of the levee due 
to the steeper slope than the dry side slope (Sills, 1983).  Slough slides are usually found by 
driving along the levee and visually inspecting them.  Visual inspection is best after the levees 
have been mowed.  After the occurrence of a slide, fresh soil is exposed in the slide scarp along 
the river side of the levee.  Over time, the exposed soil may allow a different type of vegetation 
to grow.  The vegetation becomes stressed and the slide-affected areas may be characterized by 
7 
 
stressed vegetation and partial exposure of soil (Hossain, 2006).  An example of this is shown on 
Figure 1-4.  After a slide is detected, it is repaired by excavating the material.  Lime is 
sometimes added to stabilize the levee slope and help to prevent erosion, and the original levee 
material is returned to the slope (Fleming et al, 1992). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5. Photograph of the change in vegetation along a scarp of a levee. 
1.7 Previous Works 
 Shallow slough slides were first thoroughly investigated by Sills, 1983.  The purpose of 
the investigation was to gather information on slough slides along Mississippi River levees to 
assist in levee maintenance, help to identify potential problem areas, and essentially provide a 
basis for reliable slope design for future levee enlargement projects. 
 Sills, (1983) performed trench surveys and observed levee material at depth and site 
conditions in areas experiencing slough slide failures.  Through trench surveys, it was observed 
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that discontinuous slip surfaces begin to interconnect at the toe of the slide and advanced upslope 
as the slide progressed.  A correlation between the depth of cracks and fissures from desiccation 
was found in association with the depth of the slide plane, and that the maximum depth of the 
slides coincides with the depth of desiccation.  Sills (1983) concluded that slough slides appear 
to be triggered by heavy rainfall after an extended period of drying. 
   Laboratory soil testing and analysis was also performed in order to observe how local 
material contributed to the development of slough slides.  By classifying soils through Atterberg 
Limits, Sills 1983 demonstrated that slides occur in highly plastic clays and slides are likely to 
occur in materials with a liquid limit greater than 60 and plasticity index greater than 40.  X-ray 
diffraction analyses was also performed and identified montmorillonite having the soil 
characteristics that contribute to a slough slide due to relatively large volume changes during 
wetting and drying cycles. 
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CHAPTER 2 
GEOPHYSICAL METHODS 
2.1 Introduction 
 Geophysical methods allow the user to acquire information about the physical 
characteristics of the subsurface geology in an area.  Geophysics is based on the physics of the 
earth and its surrounding atmosphere.  Certain geologic conditions are associated with unique 
geophysical signals.  Boundaries between different subsurface materials can be obtained by all 
geophysical methods; however the boundary that is measured is often not based on a difference 
in physical properties but rather related to a difference in mechanical properties (Hack, 2000). 
2.1.2 Electromagnetic Induction 
 The electromagnetic (EM) method was first developed during the 1920’s in Scandinavia, 
the United States, and Canada where the detection of conductive base-metal deposits were 
facilitated by their large contrast with resistive host rock (Telford et al, 1990).  Electromagnetism 
involves the propagation of continuous-wave or transient electromagnetic fields in or over the 
earth.  Electromagnetic waves include light, radar, radio, microwaves, gamma rays, and X-rays 
and all involve the propagation of electric and magnetic fields through space with velocity c = 3 
x 108 m/sec (Burger, 2006).  Figure 2-1 is a diagram of the electromagnetic spectrum. 
10 
 
 
Figure 2-1. Electromagnetic Spectrum with wavelengths of geophysical emphasis in bold face 
(Burger, 2006) 
 
EM survey methods are rapid non-contact surface methods that involve the measurement 
of one or more electric or magnetic field components induced into the subsurface (Hickey, 
2012).  EM methods are sensitive to variations in electrical properties of subsurface materials 
and can be used to map regions that have an increase in conductivity due to the presence of water 
or metals.  Penetration of an electromagnetic field into the subsurface depends primarily on the 
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electric conductivity of the materials in the subsurface and on the frequency of the transmission 
field (Hack, 2000).  Subsurface material properties affect the efficiency of propagation, loss of 
energy within the medium, and speed of wave propagation.  The higher the conductivity or 
frequency, the less penetration is obtained into the subsurface materials (Hack, 2000). 
 Low frequency induction EM survey method, or referred to as “VLF” measures to the 
electric conductivity of the subsurface at a shallow depth of penetration (approximately 5 ft).  A 
transmitter coil within the device used, such as an EM 31 or 38, will generate a primary field that 
is produced by natural transient fields.  The primary field will produce “eddy currents” within the 
subsurface and in turn will produce their own secondary field that is received by the receiver coil 
resulting in the output of an electrical conductivity measurement, typically in milli-siemens per 
meter (mS/m) (Hickey, 2012). 
2.1.3 Electrical Resistivity 
The electrical resistivity method measures the potential difference at points on the Earth’s 
surface which are produced by direct current (DC) flow through the subsurface.  The method is 
based on measuring the electrical potentials between one electrode pair while transmitting a 
direct current between another electrode pair (Jongmans, 2007)   
Electrical resistivity tomography methods (ERT) are an advanced electrical resistivity 
method.  Variations in resistance are sensitive to current flow at depth and will cause distinctive 
variations in the potential difference measurements, which will provide information on the 
subsurface structure and materials (Burger, 2006).  ERT data provides a resistivity distribution, 
both laterally and vertically, of the subsurface and an opportunity for interpretation of underlying 
material (Burger, 2006). 
2.1.4 Conductivity and Resistivity 
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Electrical resistivity or its reciprocal, the electrical conductivity is the physical property 
of the material that describes the mobility of an electric charge in the presence of an electric 
field.  In a conductive material electric charge moves freely, whereas in a resistive material 
electric charge in impeded and does not propagate (Burger, 2006).  Resistivity is measured in 
ohm meters (Ω •m) and conductivity is measured in Siemens/m (mho.m or S/m).  1 Siemen = 1 
mho = 1/(ohm).  Table 2-1 shows conductivity values based on specified material. 
Measurements of the conductivity or resistivity of soils will be primarily based on water 
content and moisture content of the material (Hickey, 2012).  For this reason, Archie’s Law, 
written as F=ρ/ρw=αϕ-m -should be taken into consideration (Burger, 2006).  Where ρ is the 
electrical resistivity of the soil, ρw  is the resistivity of moisture content, ϕ is porosity, and F is 
the soil composition factor, and α and m are constants related to saturation and cementation for a 
particular soil type (Burger, 2006).  Archie’s Law defines the relationship between resistivity or 
conductivity of the soil and how it is directly influenced by soil composition and moisture.  
 
Table 2-1. Material with corresponding conductivity value (Burger, 2006) 
2.2 Applications 
Material Conductivity (mS/m)
Air 0
Freshwater 0.5
Salt Water 3000
Dry Sand 0.01
Wet Sand 0.1-1
Limestone 0.5-2
Shale 1-100
Clay 2-1000
Granite 0.01-1
Ice 0.01
Concrete 0.01-10
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 According to Godio (2001), the main problem in landslide characterization is the 
necessity of knowledge of the subsurface geology and hydrogeology site conditions.  In many 
situations subsurface information pertinent to lateral continuity of the sliding surfaces cannot be 
obtained through boreholes or traditional field observations.  Geophysical investigations can 
however, be used to gather the necessary information on the parameters of the subsoil for a 
thorough understanding of the physical behavior of a slope (Godio, 2001).  If the underlying 
properties of levee material can be identified, then areas vulnerable to slide events can be located 
and possibly prevented. 
2.2.1 Electromagnetic Induction and Slope Stability 
EM methods have been consistently used in slope stability investigations (Hack, 2000).  
EM data acquisition is fast, non-invasive, and the data processing is relativity simple.  As 
discussed in Chapter 1, a levee slide is a result of the material’s aging process.  The wetting and 
drying cycle is significant and has to take place in order for a slide to occur.  Since EM measures 
the conductivity of the material and conductivity is influenced by moisture and clay content, then 
EM measurements should be indicative of the amount of moisture filled pore space in the levee 
material (Godio, 2001) as well as the amount of clay.  As Sills (1983) stated, cracks and fissures 
are likely to be present before rainfall for a slide to occur.  Due to cracks and fissures, 
conductivity will decrease.  If the cracks and fissures are located then the areas of the levee 
vulnerable to slides may be identified.  If cracks are filled with water, however, conductivity will 
increase. 
2.2.2 Electrical Resistivity and Slope Stability 
 Electrical resistivity methods (ERT) are sensitive to variations in resistance to current 
flow at depth.  This will cause distinctive variations in the potential difference measurements, 
14 
 
which will provide information on the subsurface structure and materials (Burger, 2006).  Like 
conductivity, resistivity will be influenced by the amount of moisture in the soil.  In slope 
stability investigations, an ERT survey has been used to define moisture filled fractures in near 
surface layers (Godio, 2001). Resistivity will increase due to a lack of moisture, and will be a 
supportive technique for locating possible cracks and fissures in the soil. 
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CHAPTER 3 
SITE SELECTION 
3.1 Site Selection 
The Mississippi River Levee system includes levees along the main channel of the river 
and along many of the major tributaries.  The levee systems along the main channel are the 
categorized as mainline levees and are maintained by the federal, state and local agencies.  The 
levees along the tributaries in northern Mississippi are the Coldwater, Panola/Quitman County 
Floodway, Tallahatchie and Yazoo River Levees and are maintained by the United States Corps 
of Engineers (USACE). 
The focus of this research is to investigate slough failures on flood control levees in the 
Mississippi River Levee system.  The selection of a study site for this investigation required an 
existing slough failure that had not been repaired.  Since the mainline levees are rigorously 
maintained, the Coldwater River levee in Tate and Tunica County, Mississippi was selected.  
Bruce Cook of the Yazoo Mississippi Delta Levee Board in Clarksdale, MS was consulted and 
based on the information given Cook, 2012 the Coldwater River Levee was selected as the study 
site for this investigation. 
In 2009, the USACE - Vicksburg District de-certified approximately 5 miles of the 
Coldwater River Levee, station 445+00 to station 710+00,  for not meeting minimum criteria 
with respect to structural and geotechnical requirements (USACE, 2009).  This portion of levee 
was shaped from spoil material and does not meet the USACE guidelines for levee construction 
16 
 
(Jordan, 2009).  Soil borings were drilled and more than half of the borings lost fluid circulation 
during drilling with no exit of fluid found (USACE, 2009).  Records from USACE (2009) also 
indicate that there continues to be some isolated levee shallow slough slides.  The occurrence of 
shallow slough levee slides along the Coldwater River Levee were caused by cracking in the 
material and allowed water to seep through the voids in the cracks (Horton, 2012).  The 
developed cracks at depths between 10 to 20 feet originate from the levee material which was 
derived from an unknown source along the Coldwater River (Horton, 2012).  Evidence of 
recently repaired slides was found on the East and West bank of the levee.  Figure 3-1 shows an 
area map of the Coldwater River Levee and Figure 3-2 shows a map of the levee with 
corresponding station numbers. 
Figure 3-1. Location of the study area, Coldwater River Levee, Tate and Tunica County, MS
17 
 
 
 
Figure 3-2. Map of Coldwater River Levee.  The de
Station 445+00 and ends at Station 710+00 (USACE, 2009).
3.2 Site Geology 
 As shown in Figure 3-1, t
Tunica County, Mississippi.  From 
boundary between the Loess Bluff Hills and the alluvial plain in Northwestern, Mississippi
(Figure 3-3).  The Bluff Hills form the western border of the Mississippi uplands that se
the flood plain of the Mississippi River from the rest of the state.  Pleistocene calcareous loess 
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the geological map, the Coldwater River Levee lies near
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parate 
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caps the bluffs and range in thickness of 25-100 feet of a belt that is 5-15 miles wide (Brown, 
1947).  Discontinuous beds of sand and gravel of Pleistocene age crop out beneath the loess, 
which overlies Oligocene gravels and Eocene sediments that may be as much as 150 feet above 
the level of the flood plain to the west (Brown, 1947).  The crests of the Bluff Hills extend to a 
concordant level creating a depositional plain or terrace, and possibly were once modified by 
erosion.  There is a widespread uniformity to this terrace with a northward inclination of 1 foot 
per mile (Brown, 1947).  Between Memphis, TN and the Coldwater River, a considerable part of 
the Bluff Hills belt lies between 300-320 feet above sea-level and represents a younger terrace.  
The geology of the area will influence the material from which the levee was constructed (Sills, 
1983).  The Coldwater River Levee was constructed from spoil bank material from a local 
source.  The term spoil bank material is used to describe local clay deposits from the alluvial 
sediment and loess that is found in Northwest Mississippi.  Borehole data, taken by the USACE, 
indicated that the levee material is a low-plasticity clay (or CL) (USACE, 2009). 
3.3 Site Investigation 
 In April 2012 a preliminary site investigation of the Coldwater River Levee was 
conducted.  The purpose of this investigation was to document any features that could be 
indicative of shallow slough slide events.  An unrepaired slide event was located.  The slide area 
was approximately 37 meters (122 ft) long, 12 meters (40 ft) wide, and 1.5 meters (5ft) deep.  
Evidence of slumps appeared at the toe of the slide as shown in Figure 3-4.  The slide was 
estimated to have occurred in October 2011 by a local contractor who was hired by the USACE 
to maintain the Coldwater River Levee.  Basic slide features shown in the model cross-section 
from Fleming et al, 1992 are present at this slide site. 
Figure 3-3. Geologic map and stratigraphic c
investigation
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olumn associated units in the location of general 
 (modified from Dockery, 1997) 
 
 
Figure 3-4. Photograph of slide, April 2012
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, with cross section (Fleming et al, 1992)
 
 
 
 
 An additional area about 3 miles south of the
slide area and is the 2nd location of the study area in this investigation, Figure 3
slide area was chosen on the basis of field evid
scarp was found along the crest of the levee that was about 10 feet (3 meters) in length.  Cracks 
between the crest and levee road were also observed at
Figure 3-5. Photograph of study area (facing south) on levee road, approximately 3 miles south 
of slide event 
Figure 3-6. Photograph of cracks along levee road at the potential slide area
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3.4 Objective 
 The objective of this project is to use geophysical methods to define subsurface features 
that make a levee slope vulnerable to a shallow slough slide.  The aging process alters the texture 
of the clay material and according to Sills (1983) is the cause of slides along levees, where 
excess water will trigger a slide.  Geophysics is a useful tool for detecting variations in moisture 
content of soils and should be useful in characterizing shallow levee failure.  More specifically, 
EM and ERT methods are appropriate for this investigation due to the dependence of 
conductivity values of the clay material from which the levee is constructed.  According to 
Godio (2001), conductivity is influenced by the moisture filled pore spaces in the subsoil.  The 
amount of clay will also influence conductivity due higher ion exchange capacity in clay soil as 
opposed to more coarse grained soils.  Furthermore, the properties that influence conductivity are 
relevant to a levee slide because once the material goes through wetting and drying cycles it will 
age.  Aging will alter the water retention properties of the soil (Skempton, 1970) and cracks and 
fissures will form.  The area of high density of cracks and fissures is where a slide is most likely 
to occur (Sills, 2012).  Cracks and fissures will have low conductivity because the material will 
be dry and electric current will not be easily transmitted through the dry soil.   
3.5 Geophysics Equipment Selection 
EM and ERT methods were selected attain electrical conductivity and resistivity 
measurements of levee material in the potential slide area and to evaluate specific areas in this 
location where the levee slope may be vulnerable to failure.  EM measurements were also taken 
where the slide had occurred and had not yet been repaired.  In this investigation a high 
resolution GPS system was integrated to provide the location of the measurements from EM and 
ERT methods.  EM and ERT methods were used to evaluate the levee slope stability of the 
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selected section of the Coldwater River Levee and to investigate the potential for future slides.  
EM measurements were taken first to show the trends in conductivity of the levee material.  
Elevation and location measurements were recorded as the EM data was collected.  The ERT 
survey was designed on the basis of the preliminary analysis of the EM measurements.   
3.5.1 Global Positioning Satellite (GPS) System 
Elevation measurements were used to define the slope of the levee and provide evidence 
for initial signs of levee instability, such as scarps.  Precise changes in slope elevation were 
measured using a high resolution - Trimble Geoexplorer 6000 series, GPS system.  The Trimble 
Geoexplorer was used to record data points of the location of each conductivity value measured.  
The set of data was imported into ArcMap and provided preliminary data on initial signs of levee 
instability based on trends in conductivity values.  In order to improve precision, GPS data were 
differentially corrected using GPS Pathfinder Office. 
3.5.2 Electromagnetics 
Electromagnetic methods (EM) have been used in slope stability investigations for a 
number of years and were the first geophysical method used in this field investigation (Hack, 
2000).  EM survey methods as discussed in Chapter 2, are ideal for a shallow slough slide 
investigation because the depth of penetration for this method is within the zone of failure of a 
slough slide (between 4-8ft from the surface).  A low frequency EM method is also ideal because 
it will theoretically show anomalies in the levee material.  The Coldwater River Levee is mainly 
composed of clay (USACE, 2009).  As clay rich soils cycle through wetting and drying periods, 
they tend to soften, weaken, and disruption will eventually occur within the clay material 
(Neuner, 2002).  The spatial distribution of high conductivity values from the EM surveys, 
associated with zones of higher water content, in the levee material should correlate with the area 
on the slope of the levee that is more vuln
Information from the USACE indicates that shallow slough slides occur at shallow 
depths, from about 4 to 8 feet deep (Neuner, 2002).  Th
EM 38, (Figure 3-7) with an operating frequency of 14.2 KHz th
approximately 5 feet (1.5m) (Geonics, 2012).  The EM38 provides a measurement of the quad
phase (conductivity) and in-phase (susceptibility) components within two distinct depth ranges 
depending on the coil configuration.   The 
range of 0.7m-1.5m and the horizontal
However, the penetration depth of the EM 38
is high conductivity at a shallow depth (~3ft) then the depth o
reduced.  If there is low conductivity at a shallow depth, then the depth 
increased (Geonics, 2012) 
Measurement accuracy for the 
range of 1000 mS/m (Geoincs, 2012).  The electromagnetic signature received from the 
area is presented in milli-siemens per meter (mS/m) and 
the slide material over a given depth
horizontal dipole measurement was
Figure 3-7. EM 38 used to take conductivity measurements
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The measured conductivity values were logged into the GPS into order to track the location of 
each measurement.  The data were then processed and differentially corrected in Pathfinder 
Software.  Using the surface interpolation tools in Arc Map 10 the conductivity values were 
contoured.  The contours show trends of conductivity in the study area.   
3.5.3 Electrical Resistivity 
 Electrical resistivity methods (ERT) are sensitive to variations in resistance to current 
flow at depth.  ERT was chosen for this investigation to show the trends in resistivity of the levee 
material at depths that would extend beyond the zone of failure of a shallow slough slide.  
Resistivity as previously discussed in Chapter 2 is influenced by clay content, and moisture and 
results in low resistivity values (10-30 ohm/m) (Jongmans, 2007).  The areas of low resistivity 
(defined by ERT) and depth averaged high conductivity (defined by EM) should be consistent 
within the study area.   
The ERT system used in this study was a SuperSting R8, 8 channel memory earth 
resistivity meter.  Each line of ERT consisted of 56 metal electrodes (Figure 3-8).  Electrode 
spacing was 2 feet (~0.6 m), line length of 110 ft, to provide higher resolution to a depth of 
approximately 26 feet (6 m).  The ERT lines were run horizontally, along the slope of the levee.  
Data was processed using EarthImager 2D software.  A contrast in the resistivity should indicate 
the depth or boundary of the unstable material on the slope of the levee. 
Figure 3-8. Electrode connected to a resistivity cable used in the ERT survey
3.6 Geophysical Survey Design 
 The EM survey was designed to encompass conductivity sign
riverside of the levee slope but additional measurements were taken on the dry side of the slope.  
Data points were spaced approximately 9 feet (~3 meters) a
in May, June, and November were different
and November data points were taken while traversing vertically from the levee crest to the levee 
toe.  In July and October, data points were taken while traversing horizontally parallel to the 
levee crest.  Different data acquisition styles were implemented in this investigation to test for 
contour trends that were influenc
all surveys a measuring tape was used to gauge distance bet
designed to cover enough of the slope in order to get all necessary data pertinent to a slide event.
 The ERT survey was designed based on the data derive
Preliminary data showed a change in conductivity along the scarp area that continued down 
slope.  A series of 3 ERT lines were run
electrode spacing of 2 feet (.75 meters
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shallow depth, and ideal for investigating shallow slides.  Figure 3-9 and 3-10 show examples of 
the EM and ERT survey layouts. 
 
Figure 3-9. EM 38 survey map for July and October data at the Potential Slide Area 
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Figure 3-10. ERT survey map at the Potential Slide Area 
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CHAPTER 4 
PRELIMINARY GEOPHYSICAL DATA 
The main objective of this investigation was to determine the usefulness of geophysics in 
characterizing shallow surficial failures that occur along the riverside slope of a levee.  Goals for 
the geophysical analysis include determining slide characteristics based on geophysical 
signatures and if those signatures were detected and supported by two different techniques, EM 
and ERT 
 Contrasting values in conductivity or resistivity may delineate anomalies associated with 
slide events.  It is important in geophysical interpretation to associate field observations with 
contrasting values in the data.  Values in conductivity are influenced by moisture content, clay 
content, porosity, and soil structures such as cracks and fissures.  To evaluate the influence of 
soil properties on the conductivity value, moisture content, sieve analysis, and Atterberg Limits 
were performed on samples from the study area and will be discussed in Chapter 5. 
4.1 EM Data Collection Process 
EM data was collected in June at the unrepaired slide.  Five sets of EM data were 
collected on a monthly basis May-July and in October and November at the potential slide area.  
Each data set contains a set of conductivity value points taken in the field with the EM 38.  The 
EM 38 was placed on the ground to measure a vertical dipole value and a horizontal dipole value 
(Figure 4-1).  The values were recorded with the GeoExplorer Trimble 6000 series in order to 
obtain corresponding latitude and longitude coordinates of each conductivity value.  
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Figure 4-1.  Collecting conductivity data with the EM 38 
 
4.1.1 EM Data Processing 
 After data points were collected in the field, it was imported into Pathfinder software and 
differentially corrected.  The differentially corrected data points were exported as a shapefile that 
could be displayed and processed by ArcGIS.  The shapefile was processed in ArcGIS to create a 
raster data set interpolated from the values at each data point.  The interpolation of these data 
points was significant in order to see the trends in conductivity and how the values compared 
with field observations. 
4.2 EM Data 
 Two sets of EM data were displayed and processed inside ArcGIS, vertical and horiztonal 
dipole values.  These values are different because they represent an average of electrical 
properties over different depths.  The vertical dipole averages the conductivity of the levee 
material to a depth of approximately 5 feet (1.5 meters).  The horizontal dipole averages the 
conductivity of the levee material to a depth of approximately 3 feet (1 meter).  The data 
displayed in ArcGIS is a plan view of the conductivity measurements.  It is important that both 
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of these values be displayed in order to show any anomalies that might be associated with 
changes in the soil with depth. 
 The conductivity values measured at the slide area (that had not been repaired) showed 
trends of conductivity that increased upslope.  A map of the vertical dipole values of 
conductivity data taken at the slide area is shown on Figure 4-2.  The highest conductivity values 
are found along the levee centerline and in the slide area (indicated by a red box).  The 
conductivity trends are uniform outside of the slide area.  The conductivity is low at the toe and 
increases upslope.  This in counter intuitive to the flow of water, where the toe of the slope is 
likely to be more saturated.  Therefore, suggesting that conductivity values area influenced by 
another physical property other than moisture content.  The trend in conductivity, however, is 
shifted downslope in the slide area.  This indicates a representation of the progressive nature of a 
shallow slough slide to how the material is transferred downslope.  The position of the measured 
values is significant because it represents the displacement of levee material as a result of the 
slide event. 
 Vertical dipole conductivity data taken at the potential slide area in May, June, July, 
October, and November are shown in Figures 4-3 through 4-7.  The first observation made from 
this data is that the general trend from low to high conductivity is consistent with time.  From 
May to November lower conductivity is measured in the Southeast corner of the map and 
conductivity increases towards the Northwest corner of the map.  The horizontal dipole 
measurements are also consistent with the vertical dipole measurements and are located in the 
Appendix. 
The second observation from this data is that the scarp boundaries increased towards the 
south with time and are associated with unique conductivity values.  The scarp was measured 
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and recorded at the beginning of surveying.  In May, June, and later in October, the scarp is 
found on the threshold of where the conductivity values change from low to high .   In July the 
scarp had  increased in length from June and was approximately twice as long as the month 
before.  This is significant because the EM data taken in July is possibly showing signatures of 
slide vulnerabilities based on the location of the scarp in relation to a transition of low to high 
conductivity values. 
 
 
 
Figure 4-2.  Vertical dipole conductivity values at the s
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Figure 4-3.  EM 38 data taken May 2012, vertical dipole v
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Figure 4-4.  EM 38 data taken June 2012, vertical dipole v
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Figure 4-5.  EM 38 data taken July 2012, vertical dipole v
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Figure 4-6.  EM 38 data taken October
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Figure 4-7.  EM data taken November 2012, vertical dipole v
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4.3 Factors Influencing Conductivity 
Conductivity values over terrain are usually influenced by clay content, moisture at 
depth, moisture salinity and moisture temperature (Geonics, 1980).  Soil sample data, which will 
be discussed in chapter 5, reveals similar clay and moisture content throughout the areas of 
varying conductivity measurements.  A change in conductivity is also evident at the location of 
the scarp along the crest of the levee.  The lengthening of the scarp is evident in the conductivity 
measurements by progressively increasing towards the northwest of the data set and decreasing 
towards the southeast(Figure 4-5).  This change in conductivity is significant because is possibly 
presents mappable signatures that are indicative of slide vulnerability associated with cracks and 
fissures at depth resulting from a change in texture through aging (Figures 4-3 - 4-7). 
4.4 ERT Data Collection and Observations 
 After collecting and processing the EM data, the ERT survey was designed and data was 
collected at the potential slide area.  Three different lines were run parallel to the levee 
centerline, downslope of the levee centerline.  The resistivity measurements were collected using 
a Super Sting R8 with an external power sourceof a 12 V battery.  Fifty-six electrodes were 
placed in the ground at a spacing of 2 feet for a line lenth of 110 ft resulting in depth of 
investigation to approximately 26 ft.  The ERT data was processed with Earth Imager 2D 
software and displayed as a 2D cross section  as a function of depth over time. 
 Figure 4-11 is the location of the ERT survey lines and Figures 4-14,4-15,4-16 are the 
initial data displayed by Earth Imager.  Each of the cross sections represents resistivity at depth 
over a traverse of 108 feet.  ERT Lines 1 and 3 show a maximum resistivity of 100 ohm/m and 
Line 2, indicates a maximum resistivity of approximately 140 ohm/m. 
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 One of the first observations when examining the resistivity are the variations in values 
with depth.  In all 3 cross sections there is relatively high resisitive material at a depth of 
approximately 5 ft.  This highly resistive material continues laterally to approximately 48 feet in 
all 3 cross sections.  From approximately 48 feet to the end of the survey the material in the 3 
cross sections decreases to relatively low resistivity at a depth of 5 feet (Figures 4-9, 4-10, 4-11).  
The depth of 5 feet is significant because the EM vertical dipole values are measurements 
averaged at this depth and 5 feet  is within the zone of failure for shallow slough slides. These 
consistent resistivity values represent spatial data that can be compared to the EM data at depth.  
Important factors that would influence resistivity includes the lack of moisture in the soil and 
changes in soil compostion texture (Bekler, 2011). 
The areas of high resistivity shown in the ERT crossections are significant because it 
potentially shows a change in the soil’s texture.  Voids and cracking beneath the surface will be 
resistive to electric current.  There is a distinct contact in all 3 lines between a highly resistive 
structure and highly conductive (poorly resistive) structure (Figures 4-9, 4-10, 4-11).  This area 
of high resistivity is shown at a shallow depth of appromixately 5 ft.  Since this structure is 
identified at a shallow depth, it is more vulnerable to physical weathering.  Through changes in 
rainfall over time, this material goes through numerous wetting and drying cyles resulting in the 
aging process discussed by Skempton (1970).  The aging of the material influences the texture by 
causing it to be cracked and fissured.  If the soil’s texture is cracked and fissured, then the 
material will become resistive to electric current due to void space between the material.  Soil 
composition could also play a role texture because different soil composition will react 
differently to water.  For example, montmorillonite has an extremely high swelling capacity 
where as kaolinte is resistant to deformation in the presence of water.  Likewise, silts will also 
disperse in water whereas clays are more cohesive.   In order t
composition and aging that leads to a change in texture, soil test
conditions will be examined. 
42 
 
o explore the potential
s will be conducted and moisture 
Figure 4-8. ERT Survey Design
 of material 
 
  
43
 
Figure 4
Figure 4
A 
B 
C 
Figure 4-9.  ERT Line 1 Resistivity Data 
-10.  ERT Line 2 Resistivity Data 
-11.  ERT Line 3 Resistivity Data 
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4.5 Geophysical Data Comparison 
 It is important to this investigation that the EM and ERT values be consistent.  In areas of 
high conductivity, there should be low resistivity; in areas of low conductivity, there should be 
high resistivity.  In order to compare the EM and ERT data, a map of the depth averaged 
resistivity values, (measured by the EM 38 in conductivity and then later converted) was plotted 
along with the ERT survey lines.  The chosen vertical dipole values are shown on Figure 4-12 
and the horizontal dipole values are shown on Figure 4-16.  The July EM data set was selected 
for this comparison because it was collected one week before the ERT data was collected. 
 A more specific examination of how the EM 38  vertical dipole data correlates with the 
ERT data is shown in Figure 4-13, 4-14, 4-15 and the horizontal dipole data is shown in Figures 
4-17, 4-18, 4-19.  For each line of ERT data, a red horizontal line represents the data averaged at 
depth by the EM 38.  A transect was created for each of these data points that represent the 
resistivity measured by the EM 38 along the corresponding ERT survey line.   
 One observation from this comparison is the ERT and EM data are consistent with one 
another.  In all 3 lines of ERT data, the corresponding line graph of EM measured resistivity 
corresponds to an increase in ERT measured resistivity.  Due to comparable results, the more 
time-efficient EM 38 is likely a better choice for investigating shallow slough slides. 
 
 
 
 
 Figure 4-12.  Map of EM 38 measured resistivity with ERT lines (vertical dipole)
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Figure 4-13.  Profile of EM measured resistivity compared to ERT Line 1 cross section (vertical dipole).  The maximum depth of 
penetration measured by the EM 38 is indicated by the horizontal red line on the ERT cross section.  The 2 vertical lines at 
approximately 27 feet and
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Figure 4-14.  Profile of EM measured resistivity compared to ERT Line 2 cross section (vertical dipole).  The maximum depth of 
penetration measured by the EM 38 is indicated by the horizontal red line on the ERT cross section.  The 2 vertical lines at 
approximately 27 feet and
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 75 feet represent the scarp boundary. 
 
 
B’ 
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Figure 4-15.  Profile of EM measured resistivity compared to ERT Line 3 cross section (vertical dipole).  The maximum depth of 
penetration measured by the EM 38 is indicated by the horizontal r
approximately 27 feet and 75 feet represent the scarp boundary.
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Figure 4-16.  Map of EM 38 measured resistivity (horizontal dipole) with ERT 
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Figure 4-17.  Profile of EM measured resistivity compared to ERT Line 1 cross section (horizontal dipole).  The maximum depth of 
penetration measured by the EM 38 is indicated by the horizontal red line on the ERT cross section.  The 2 vertical lines at 
approximately 27 feet a
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Figure 4-18.  Profile of EM measured resistivity compared to ERT Line 2 cross section (horizontal dipole).  The maximum depth of 
penetration measured by the EM 38 is indicated by the horizontal red line on the ERT cross section.  The 2 vertical lines at 
approximately 27 feet a
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Figure 4-19.  Profile of EM measured resistivity compared to ERT Line 3 cross section (horizontal dipole).  The maximum depth of 
penetration measured by the EM 38 is indicated by the horizontal red line on the ERT cross section.  The 2 vertical lines at 
approximately 27 feet a
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CHAPTER 5 
SOIL DATA AND DESCRIPTIONS 
Field observations and soil samples were collected and analyzed from the study area to 
evaluate the effects of soil type and soil properties on the distribution of conductivity.  Soil 
samples taken from the levee slide were correlated and compared to Templeton (1981).  Soil 
samples from the potential slide area were tested on the basis on moisture content, particle size 
distribution, and classified through Atterberg Limits.  These soil properties were then used to 
compare with the conductivity and electrical resistivity data.  Slides are known to occur on the 
river side of the levee and sample locations were limited to that area. The levee material in this 
investigation is classified as low plasticity clay (CL) by USACE (2009).  According to Sills, 
1983 a clay with a plasticity index of greater than 40 is likely to fail. 
5.1 Slide Material Observations 
 A field trip to the site of the slide was made on September 7, 2012 for the purpose of this 
identifying the soil textures that possibility could have attributed to the slide.  Using a 6 foot (2 
meter) hand auger, samples were taken at the slide, more particularly on the stable material and 
at the contact point between the original slope and the failed slope.  Significant characteristics 
were noted, and different soil structures and textures were observed at depth.  From the surface 
to 3 feet, buckshot texture was observed.  Buckshot texture is a mixture of weathered clay, 
coarse sand, and fine gravel in the shape of round clumps (Sills, 1983).  At approximately 3.2 
feet, the material became more stiff with fragments of shale, and white calcite crystals with a 
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blue film around the material with the calcite crystals increasing at depth.  At approximately 4.8 
feet the material softened and plasticity increased.  The material had a red tint and was 
interpreted as iron oxide.  At 6.4 feet fragments of shale and clastic particles increased with 
depth.  From these field observations of soil texture, a contact point between the hard and soft 
clay was observed at approximately 4.5 feet which correlates to the depth of failure of the slide. 
 Soil descriptions at the slide area were compared to the soil description presented in 
Templeton (1981).  Templeton (1981) describes 3 distinct textures present in a fully developed 
slide.  In general, from the surface to 1-4” the buckshot texture is observed, underlain by a cubic 
texture at depth, which is underlain by a platey texture or a combination of both textures (cubic 
and platey).  The cubic texture profile is described as a wall constructed of square blocks.  The 
cubes of material are very stiff with a layer of soft, wet material surrounding each block.  A 
platey structure is described by Templeton 1981 in the presence of the cubic texture.  According 
to Templeton (1981) the platey structure is the most prevalent type of structure and very similar 
to the cubic structure except for the shape.  The plates generally have a thickness of .25 to .5 inch 
with traces of iron within the material.  A thin layer of very soft, wet clay, approximately 1-3 
inches follows the platey structure, with the slide plane identified on following this layer.  Below 
the slide plane very stiff material is present with no signs of disturbance.  Tables summarizing 
these descriptions are shown on Table 5-1 and Templeton et al, 1985 on Table 5-2. 
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Table 5-1.  Soil observations at the slide 
Depth Description 
0-3 ft Hard, stiff, dark gray clay with a thin blue 
film, pieces of wood, and occurrence of 
small white crystals 
3.2 ft Hard, stiff, dark gray clay, pieces of shales, 
with small white crystals increasing at 
depth 
4.8ft Very soft, moist clay, with red coloring (Fe) 
6.4 ft Soft dark grey clay with fragments of shale 
and clastic particles 
 
Table 5-2 Soil descriptions from Templeton et al, 1985 
Depth Description 
1-4 in. Hard, stiff clay, “Buckshot” texture 
4 in.- ~3 ft Cubic or Platy Texture or Both 
3.1-3.4 ft Very soft, wet material 
~4 -8 ft Slide Plane 
Below 8 ft Very stiff, no signs of disturbance 
 
5.2 Potential Slide Area Preliminary Soil Tests 
 To explain the change in conductivity preliminary soil samples were taken in 6 different 
locations in the potential slide area.  Conductivity is primarily influenced by porosity, the extent 
to which pores are filled by water and clay content (Geonics, 1980).  A moisture content test and 
sieve analysis was performed on each of the 6 soil samples taken from a depth of approximately 
3 ft.  It was initially hypothesized that the samples found within the higher conductivity areas 
would have high moisture content or high clay content, or a combination of both.  The moisture 
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and clay content, however were consistent throughout the samples.  Soil samples 1-3 (found in 
the high conductivity zone) showed average natural moisture content of 18%, while soil samples 
4-6 (found in the low conductivity zone) showed average natural moisture content of 19%.  Sieve 
analysis revealed 54% clay for samples 1-3 and 55% clay for samples 4-6.  A map that shows the 
locations of the 6 samples with corresponding conductivity is shown on Figure 5-1.  Soil test 
data from the moisture content test and sieve analysis can be viewed in Appendix 2. 
 
 
  
Figure 5-1.  Location of preliminary 
 
5.3 Atterberg Limits Tests 
Given similar results from the moisture content test and sieve analysis
tests were performed in order classif
gathered from a depth of approximately 1 ft
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soil samples in relation to the conductivity data surveyed 
July with the EM 38 
, Atterberg Limit 
y the soil composition of the samples.  Twelve
 in addition to the 6 previous samples
 
in 
 samples were 
 for a total of 18 
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samples to classify using Atterberg Limits.  Data results for each sample can be found in 
Appendix 3.  Maps of the location where each sample was gathered and soil classification for 
each sample are shown in relation to the EM 38 survey for each month (Figures 5-2 through 5-6).  
By classifying each soil according to USCS standards, more information about the composition 
of levee material such as plastic index and liquid limit, can be evaluated to determine the 
relationship to the measurements in conductivity from the EM 38.  A high liquid limit could 
influence the conductivity values because the soil would be able to hold more moisture.  Sills 
(1983) notes the importance of a high plasticity index to shallow slough slides because it will 
influence the swelling capacity of the soil which could increase the amount of cracks and fissures 
at depth.  The composition of the levee material is the constant parameter in this investigation 
and does not change over the period of investigation.  The areas of high and low conductivity 
stay in approximately the same locations throughout the study. 
Five soil samples classified as CL (low plasticity clay) are found within the high 
conductivity area, which would explain the measured values because clay content will increase 
conductivity due low porosity and high cation exchange capacity within the mineralogy of clay 
particles (McNeill, 1980).  CL’s have a liquid limit of less than 50%, and have low to medium 
plasticity.  However, the majority of the samples that occur throughout the potential slide area 
are classified as a ML soils (low plasticity silt), which also have a liquid limit of less than 50%, 
and slight plasticity.  The areas where ML soils area present occurs within almost every range of 
conductivity values measured by the EM 38, but not necessarily within the range of high 
conductivity (with the exception of the October survey).  Silt will have lower conductivity values 
due to higher porosity and permeability than clay that will be more resistant to the flow of 
electric current.  By using Atterberg Limits soil composition of samples from the levee material 
  
was determined and the soil test data will be used to explore the consi
in Chapter 6. 
Figure 5-2.  May
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Figure 5-3.  June
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 EM 38 Data with Soil Sample Classification 
 
  
Figure 5-4.  July 
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EM 38 Data with Soil Sample Classification 
 
  
Figure 5-5.  October
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 EM 38 Data with Soil Sample Classification
 
 
  
Figure 5-6.  November
 
5.4 Excavated Levee Survey 
 In an attempt to certify the Coldwater River Levee, the USACE has decided to excavate 
and rebuild 3 miles of the riverside slope that is decertified and backfill with material and 
construction that meets USACE standards.  A site visited was arranged with Mr. Major Rice, a 
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 EM 38 Data with Soil Sample Classification
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USACE Correspondent for October 25, 2012.  Mr. Rice provided important levee information 
relevant to this investigation. 
 The USACE Coldwater River Levee project objective is to rebuild the levee with the 
same local material by excavating the existing material, uniform the levee slope and toe 
elevation, widen the centerline and place a layer of crushed stone to seal the road.  Slopes along 
the Coldwater River Levee are non-uniform, and vary in slope gradient.  The slope that is 
specified by the USACE is 1V on 3H.  A uniform slope will improve the structural integrity of 
the levee.  The levee toe elevation will also be uniformed which will prevent any vulnerability 
due to seepage. 
 The opportunity to visit excavation added valuable soil texture information that appears 
locally on this levee.  Two distinct soil textures were observed and are classified by the USACE 
as CH: tan silty clay and CL: dark gray clay.  These two textures can be easily identified in the 
field by their luster.  The CH soil has a dull luster, while the CL has a shiny luster.  The CL is 
also locally known as “Buckshot texture” as described by Templeton et al, 1985.  The CH has a 
blocky texture.  Photographs from this excavation are shown on Figures 5-7 through 5-10 
 The most interesting aspect of these two types of soil textures is that they do not occur at 
any uniform depth or thickness.  These two textures were observed at several different locations 
along the excavated levee, and occurred at varying depths and thicknesses.  
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Figure 5-7.  Slope of excavated levee.  Two distinct soil textures are present: dark gray clay 
(CL), and described as having “Buckshot” texture, and tan silty clay (CH).  The two textures are 
distinguished by luster.  Tan silty clay is very dull and dark gray clay is very shiny. 
 
 
Figure 5-8.  Slope of excavated levee.  Two distinct soil textures are present: dark gray clay 
(CL), and described as having “Buckshot” texture, and tan silty clay (CH).  The two textures are 
found a varying thicknesses and depths. 
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Figure 5-9.  The tan silty clay is shown on the left and the dark gray clay shown on the right. 
 
 
Figure 5-10.  The texture different between the tan silty clay, as seen in clumps and the dark gray 
clay, which is very stiff 
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5.5 Geophysics Data and Soil Descriptions 
Two distinct soil textures have been locally observed at an excavated slope of the 
Coldwater River levee: buckshot and blocky.  Based on the descriptions of the soil textures, 
geophysics should be able to distinguish these textures with conductivity and resistivity 
measurements.  These textures will influence moisture conditions and influence the conductivity 
and/or or resistivity values of the levee material.  Identifying these textures in an excavated levee 
nearby to the site of geophysical data acquisition is important because these textures are likely to 
be present in slide events that could occur on a levee. 
Identifying the change in texture is significant to geophysical data because it will 
influence the drainage of the levee material.  Soil texture changes are a result from the aging 
process described by Skempton (1970) and will contribute to the amount of cracks and fissures at 
depth.  Cracks and fissures will continue to develop as the material dries and an increase in 
cracks and fissures will lower the conductivity values and increase the resistivity values.  In 
Chapter 6, specific weather conditions will be examined in order to investigate how these 
moisture conditions may influence conductivity and resistivity values from each EM 38 survey.       
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CHAPTER 6 
DATA ANALYSIS 
 A consistent trend in conductivity is present in all EM data sets.  There are consistent 
lower conductivity values in the southeast corner of the potential slide area and higher 
conductivity values in the northwest corner of the data.  Conductivity is influenced by moisture, 
soil type, and texture.  In order to explain what is influencing the consistent area of high and low 
conductivity weather data was gathered, change detections were performed on the EM data, 
additional field observations were made, and lithology of the levee material were closely 
examined. 
6.1 Climate Data 
Moisture plays a significant role in the values of conductivity.  Highly saturated clay will 
have higher conductivity values than dry clay.  Weather data for this study area was examined to 
determine the impact of precipitation the conductivity measured at the potential slide area.  
Figures 6-1 through 6-4 are graphs of the daily precipitation during the surveying months.  A red 
box indicates what day the survey took place. 
The summer of 2012 in Mississippi River Delta was hot and dry, with drought conditions 
throughout the majority of the surveying months.  On the day of the June EM survey, a record 
high temperature of 100°F was recorded (NOAA, 2012).  On the data of the ERT survey, a 
record high temperature of 102°F was recorded (NOAA, 2012).  The low amount of rainfall that 
  
occurred in May and June is reflected by the May and June EM data set, by showing lower 
values of conductivity compared to other conductivity values
Figure 6-1.  Daily precipitation for May 
Figure 6-2.  Daily precipitation for June, 2012 (NOAA, 2012)
 During June, the EM 38 survey was conducted
during the month (Figure 6-2).  Approximately 1 inch of rain fell before the survey, and
reflected through the EM 38 data set because the high conductivity area in the northwest corner 
increased in conductivity, compa
southeast stays low and does not seem to be influenced by r
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2012, (NOAA, 2012) 
 
 
 during the time that it rained the m
red to the May data set, but the low conductivity area in the 
ain. 
 
 
ost 
 it is 
  
Figure 6-3.  Daily precipitation for July, 2012 (NOAA, 2012)
Figure 6-4.  Daily precipitation for October 2012 (NOAA
 A significant increase in rainfall 
consistencies of high conductivity and low conductivity stayed in the same area over time.  
October, approximately 2.6 inches of rainfall occurred during the
collected.  The increase in rainfall increased 
but still had little to no effect on the areas of
in Chapter 4 for the conductivity data from month to month
6.2 Change Analysis  
A change analysis was performed to account for the change in conductivity over time.  It 
was found that a change analysis is most useful when comparing data with the same survey 
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also occurred in September and October, however, the 
 week before the data was 
the conductivity values in areas of high conductivity 
 low conductivity.  Refer to Figures 4
. 
 
 
) 
In 
-3 through 4-7 
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design.  July and October data were compared; (Figures 6-1 and 6-2) and June and November 
data sets were compared (Figures 6-3 and 6-4).  Using the Raster Math tools in ArcMap 10, a 
month to month difference value was generated for each data set.  In each of the change maps, 
the negative numbers indicate that the conductivity decreased and positive numbers indicated the 
conductivity increased as time progressed.  Additional change maps for each month and for each 
of the vertical and horizontal dipoles can be viewed in Appendix 3. 
 The trends of the change in the data indicate banding of increasing and decreasing values 
downslope from the scarp from July to October.  In the change detection map for July and 
October, an increase in conductivity values is within the scarp boundaries and is followed by 
decreasing values that occurs approximately 9 feet downslope, which is then followed by another 
section of increasing values.  This trend is represented in Figures 6-5 and 6-6 which show both 
the vertical and horizontal dipole conductivity changes from July to October. 
 
  
Figure 6-5.  Change in conductivity from July to October, Vertical Dipole Values
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Figure 6-6.  Change in horizontal conductivity 
 The increase in conductivity from July to October can be explained by an increase in 
rainfall.  The increase in moisture will increase the conductivity during this time and is 
represented on the change detection.  A
during this time is due to the presence of cracks and fissures.  
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values, July to October 
 
 possible explanation for the decrease in conductivity 
The presence of cracks and 
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fissures is likely to have increased due to a very hot and dry summer in Mississippi in 2012.  The 
increase in cracks and fissures at depth will drain moisture and decrease conductivity over time. 
The EM 38 survey taken in November resembled the survey taken and June- traversing 
vertically downslope, perpendicular to the levee centerline.  Maps of the change in conductivity 
from June to November are shown on Figures 6-7 and 6-8.  There is little change in conductivity 
values when comparing the surveys in June and November.  Low rainfall occurred around the 
time that these surveys were taken.  The lack of moisture during this time is reflected through the 
June and November change detection because very little increases or decreases in conductivity 
are shown.  It is important, however, to consider that consistency in data acquisition should be 
taken into consideration when performing a change detection study 
The majority of the change in the data from month to month occurred downslope from 
the scarp boundary.  In general, high conductivity remains in the northwest and low conductivity 
remains in the southeast parts of the map, however the borders of where these changes in 
conductivity values occur is reflected through bands of increasing and decreasing values 
downslope from the scarp in the July and October change map.   
 
 
  
Figure 6-7.  Change in conductivity from June to November, Vertical Dipole Values
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Figure 6-8.  Change in conductivity from June to November, Horizontal Dipole Values
6.3 Additional Field Observations
 Another site visit was made on October 30, 2012 in order to look for any surface features 
that could possibly contribute to the trends in conductivity measured by the EM.  The slope of 
the levee was closely examined for surface cracks and fis
area downslope from the scarp. 
76 
 
sures.  Special attention was paid to the 
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Three important features were observed that could possibly influence conductivity.  
Surface cracks and stair step structures, an indication slumping, were found on the slope of the 
levee.  An undisturbed soil sample that indicated blocky texture near the surface was also 
observed   Photographs of these structures are Figure 6-9 through 6-12.  These field observations 
are significant because they indicate changes along the slope that were not present during the 
summer surveying months. 
.  
Figure 6-9. Crack along slope of the potential slide area (pocket knife for scale) 
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Figure 6-10.  Surface crack found at the base of a terrace, sign of slumping (quarter for scale and 
shovel for ground orientation) 
 
 
Figure 6-11.  Stair step structure found on levee slope 
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Figure 6-12.  Photograph of soil texture present at the potential slide area 
 In order to compare these field observations with conductivity values, locations 
observations were recorded and processed within ArcGIS.  These observations were then placed 
on the November EM 38 survey which took place on November 1, 2012; two days after these 
observations were made.  There was no additional rainfall during this time.  A map showing how 
these features are located within these conductivity values is shown on Figure 6-13.   
Stair step structures along the levee slope observed in the field represents deformation 
that is appears to have occurred in a short amount of time and could be interpreted as initial signs 
of a shallow slough slide.  As observed in the slide that had already occurred, a stair step 
structure will form along the along as a representation of the progressive nature of slough slide 
and forms as a result of differential loading that starts upslope where the load of the material is 
transferred downslope. 
 
  
Figure 6-13.  EM 38 measured conductivity data in relation to field observations.
6.4 Potential Slide Area Soil Composition
The levee material remains consistent
Clay content and moisture are two factors that can influence conducti
increases, conductivity increases.
the northwest corner of the potential slide area
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 and does not change throughout this
vity; when moisture 
  Moisture noticeably changes the area of high conductivity 
 (as seen in July and October), but does not seem 
 
 
 investigation.  
in 
  
to influence the area of low conductivity
that occur throughout the potential slide area
classified as ML were distributed throughout every range of conductivity measured by the EM 
38.  The majority of soil samples taken in the high conduct
classified as CL (low plasticity clay),
conductivity consistently found in this area.  
soil samples taken fell relatively close to the A
(Figure 6-14). 
Figure 6-14.  Graph of where each soil sample plotted on the USCS scale
 The textural influence on electrical conductivity must be taken into consideration in order 
to determine the influence that soil composition has on el
investigation.  Soil samples were gathered at a levee excavation approximately 3 miles north 
from the potential slide area- as discussed earlier in this chapter.  A tan silty clay with a blocky 
texture and a dark grey clay with a stiff “buckshot” texture were observed.  The USACE has 
classified the tan silty clay as a “CH” and the dark grey clay as a “CL”.
81 
 in the southeast corner.  The majority of the samples 
 are classified as a ML (low plasticity silt).
ivity area in the northwest were 
 and could possibly contribute to the higher electrical 
However, with the exception of one sample, all the 
-line, the border ML and CL classifications 
ectrical conductivity in this 
  A soil classified as a CL 
  Soils 
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is described as a lean clay, with resistance to deformation (Rahn, 1996).  A soil classified as a 
CH is described as a clay of high plasticity and may contain minerals, such as montmorillonite, 
which are more likely to swell and increase in volume in the presence of moisture (Rahn, 1996).  
Through field observations of these two soils, the dark grey clay would increase electrical 
conductivity due to clay content and pore size distribution.  This sample possessed a sheet-like 
structure that would have lower resistivity or higher electrical conductivity.  Other researchers 
have found that heavy soil compaction or a high liquid limit (or high plasticity index) is 
sometimes associated with higher conductivity in some soils (Abu-Hassanein, 1996).  Due to its 
blocky texture that creates cracks and voids between clumps of clay, the tan silty clay may be 
more resistive (less conductive) to electrical current.  It is uncertain however, how much 
influence the soil composition has on textures in this particular study area. 
 At the potential slide area where soil samples were taken, classified, and plotted in 
relation in the conductivity surveys using the EM 38 cracking and fissures were observed at a 
relatively shallow depth.  Surficial cracks along the slope were also observed (additional field 
observations discussed in depth earlier in the chapter).  These observations and classified soil 
compositions, suggests that a soils texture may not be directly influenced by just soil 
composition alone.  The soil texture that develops due to the aging process shows dry, cracked, 
clumps of clay material.  This texture has been observed in this study area with CL, CH, and ML 
soil classifications.  Soil texture is influenced by physical weathering more particularly to 
wetting and drying cycles.  The longer the period of drying the more cracked and fissured this 
material will become, regardless of composition.  The void space between cracks could be 
influenced, nonetheless by the soil’s expansive characteristics, but the soil texture is primarily 
influenced by mineralogy and its history of physical weathering.  Therefore, it is suggested that 
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the trends of low to high conductivity are not only influenced by composition but also by a 
difference in soil texture as a result of the aging process.  Assessments of soil properties using 
remolded samples only (such as those used to determine Atterberg Limits) would not be able to 
account for soil texture. 
6.5 Discussion 
A significant finding in this investigation is how the EM 38 is oriented on the slope may 
affect how the data is presented and contoured by ArcGIS.  By careful observation through data 
processing, there appears to be a trend associated with how the data was collected.  During May, 
June, and November surveys, points were data by walking downslope, perpendicular to the levee 
centerline.  In July and October points were taken walking parallel to the centerline.  During July 
and October, the instrument was tilted and the transmitter and receiver were not level.  Also the 
distance between points and along lines will vary and influence how the data is contoured.  
Figure 6-15 shows the November data set that has been contoured using the Spline interpolation 
tool in ArcGIS. 
 The data during November was acquiried by walking perpendicular to the levee 
centerline, and the transmitter and receiver were both level.  The contours on this map are 
elongated perpendicular to the levee centerline, which is in the same direction traverse during 
data acquisition.  The interpolation however, is very different from the data that was interpolated 
using the same tool, Spline, but for a different data set.  Figure 6-16 is the October EM 
conductivity.  The same processing methods are used; however, the end result is much different. 
During the October survey, the data was acquisitioned walking parallel to the levee centerline, 
when placed on the ground the EM 38 will be tilted due to the levee slope and the transmitter and 
receiver of the instrument will not be level.  The data contours during this October are smooth 
  
and are not as heavily influenced by a sudden increase or decrease in conductivity from one data 
point. 
Figure 6-15.  Map of November EM survey, interpolated using Spline
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Figure 6-16.  Map of the October EM survey, 
The difference in data trends
Distance Weighted (IDW) interpolation method, as oppose to Spline interpolation in A
Reducing the power weight to one also influences outli
85 
interpolated using Spline
 shown in November can be reduced by using the Inverse 
ers in points that could affect the entire 
 
 
rcGIS.  
  
data set.  Figure 6-17 is the result of the November data set, when processed with IDW and 
reducing the power weight. 
Figure 6-17.  Map of November EM survey, interpolated using IDW
By using IDW, contours that w
been eliminated and sudden increases and decreases in conductivity shown by interpolation have 
been reduced.  IDW interpolation
distance from the location being estimated (the point of conductivity)
86 
ere elongated perpendicular to the levee centerline have 
 is influenced by surrounding values and will decrease with 
.  Careful attention should 
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be paid to the data acquisition design and consistency should be implemented when examining 
change occurrences between data sets. 
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CHAPTER 7 
CONCLUSION 
 In this investigation, the results from the two different geophysical methods were 
compared and found to be consistent.  High conductivity values measured by the EM 38 
occurred in the same area and depth as low resistivity values measured by ERT and vice versa.  
The consistency between the two methods eliminated the use of the ERT because the EM 38 data 
acquisition process is more time efficient. 
 The ERT data, however was useful.  The depth of penetration for this method exceeded 
the depth of penetration of the EM 38 and the cross section of resistivity that was displayed 
helped to identify a consistent high resistivity structure that continued downslope of the levee at 
a depth of approximately 5 feet.  A point of contact between this high resistive structure and a 
high conductive structure (low resistivity) were also identified.  This contact that was shown 
provided data to suggest that this contact was a different soil composition, texture, or 
combination of both. 
 The EM data taken at the slide that had not yet been repaired displayed trends in 
conductivity along the stable portion of the slope.  Consistent low values of conductivity were 
found at the toe of the levee with conductivity increasing upslope.  This is counter intuitive to 
moisture flow, which would result in the material at the toe being more saturated than the 
material upslope, and suggests that the measured values are influenced by another physical 
property other than moisture.  The highest values of conductivity were measured within the slide 
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area along the levee centerline.  Measurements of high conductivity within the slide boundaries 
were also shifted downslope in relation to the stable materials.  This observation is a result of the 
progressive nature of shallow slough slides and is representative of the displacement of the 
material after a slide had occurred based on the signature measured by the EM 38. 
 Interpolation methods can influence how data will be displayed.  During May, June, and 
November data sets, data points were taken by traversing perpendicular to the slope.  The 
transmitter and receiver on the instrument were level on the ground.  During July and October, 
data points were taken by traversing parallel to the slope.  The transmitter and receiver on the 
instrument were tilted due to the levee slope.  When the data was processed, the contours shown 
on the November data set using the Spline tool were interpolated differently than the October or 
July data sets.  This was corrected through processing by using IDW for each data set and 
reducing the power weight to 1.  Consistency is important when collecting data and the EM 38 
survey design for each month should be the same. 
 The data suggests that the trend in high to low conductivity shown by the EM 38 and 
trend in low to high resistivity shown by the ERT survey is mainly due to the aging process that 
alters the water retention properties of the soil as described by Skempton (1970).  The 
interpretation of the geophysical data is supported when examining the moisture conditions and 
soil composition.  The influence of high rainfall does not seem to affect the area of lower 
conductivity in the southeast corner of the potential slide area.  Soil tests have indicated that the 
majority of samples taken in this area are composed of silt, rather than clay.  Silt will disperse 
and erode quicker than clay potentially creating a blocky, cracked, and fissured texture.  This 
texture will influence the areas of low conductivity because moisture will be drained, lowering 
the conductivity and increasing the resistivity (as shown by the ERT data).  Therefore, the area 
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with constant lower conductivity in the southeast has likely been aged more than the northwest, 
increasing the density of cracks and fissures, causing the moisture to be drained, and lowering 
conductivity. 
Geophysics is an important method for shallow slough slide investigations, because a dry 
cracked, blocky texture is what makes the levee material more vulnerable for a slide to occur.  
Soil texture cannot be observed from a grab sample, texture can only be observed in an 
undisturbed sample. Therefore, if the lithology is consistent over different values of conductivity, 
and the changes in weather conditions that occur during surveying do not highly influence values 
in conductivity, then cracks and fissures that form from aging will reduce the conductivity and is 
used to explain the occurrence of high and low areas of conductivity over time. 
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APPENDIX 1 
PRELIMINARY GEOPHYSICAL DATA 
  
  
Horizontal 
96 
Dipole Conductivity Values at the Slide 
 
  
EM 38 Data taken May 2012, Horizontal Dipole Values
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EM 38 Data taken June 2012, Horizontal Dipole Values
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  EM 38 Data taken July 2012, Horizontal Dipole Values
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  EM 38 Data taken October 11, 2012, Horizontal Dipole Values
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EM 38 Data taken 
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November 1, 2012 Horizontal Dipole Values
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SOIL DATA 
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Sample # Can # MoC MoC+WS MoC+DS MoM MoDS MC (%) Ave 1-3
1 11.1 37.5 34 3.5 22.9 15.2838 17.1806 18.0975
2 11.4 37.7 34 3.7 22.6 16.3717
3 11.2 32.3 28.8 3.5 17.6 19.8864 Ave 4-6
4 11.4 41.6 37.1 4.5 25.7 17.5097 17.3042 19.0141
5 11.4 40.4 36.2 4.2 24.8 16.9355
6 11 37.9 33.9 4 22.9 17.4672
1.2 11.4 37.4 33.5 3.9 22.1 17.6471 18.3206
2.2 11.5 36.2 32.6 3.6 21.1 17.0616
3.2 11.3 39.8 35 4.8 23.7 20.2532
4.2 11.1 35.7 31.4 4.3 20.3 21.1823 19.3308
5.2 11.5 41.2 36.6 4.6 25.1 18.3267
6.2 11.1 36.1 32.2 3.9 21.1 18.4834
1.3 11.8 37.3 33.2 4.1 21.4 19.1589 18.7911
2.3 11.3 37.9 33.8 4.1 22.5 18.2222
3.3 11.7 42.4 37.5 4.9 25.8 18.9922
4.3 11.1 39 34.2 4.8 23.1 20.7792 20.4074
5.3 11.7 33.4 29.9 3.5 18.2 19.2308
6.3 11.2 35.2 31 4.2 19.8 21.2121
Sample 1 368.4g
Sieve Mass retained % mass retained Cummulative % % finer
40 79.7 21.63409338 21.63409338 78.36590662
60 58.7 15.93376764 37.56786102 62.43213898
140 55.4 15.03800217 52.60586319 47.39413681
200 0 0 52.60586319 47.39413681
pan 169 45.87404995 98.47991314 1.520086862
362.8
Mass loss 1.520086862
Sample 6 314.5
Sieve Mass retained % mass retained Cummulative % % finer
40 63.5 20.19077901 20.19077901 79.80922099
60 53.8 17.10651828 37.2972973 62.7027027
140 50.7 16.12082671 53.41812401 46.58187599
200 0.4 0.12718601 53.54531002 46.45468998
pan 140.3 44.61049285 98.15580286 1.844197138
308.7
Mass loss 1.844197138
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Date test Nov 6,2012
Date weighted 7-Nov-12
Sample I.D 2
Liquid limit
Can No. N41 N6 N50 N52 N5 T10
Can Weight (g) 11.7 11.4 11.4 11.2 11.5
Can & Wet 
Sample (g) 19.2 21.9 22.6 21.5 21.9
Can & Dry 
Sample (g) 17.1 18.8 19.2 18.4 18.6
Moisture ω  (%) 38.89% 41.89% 43.59% 43.06% 46.48%
Blow 48 34 16 15 13
Plastic limit
Can No. N7 N2
Can Weight (g) 11.4 11.5
Can & Wet 
Sample (g) 14.3 14.3
Can & Dry 
Sample (g) 13.8 13.8
Moisture (%) 20.83% 21.74%
Liquid Limit: 42.00%
Plastic Limit: 21.29%
Plastic Index: 20.71%
A-line 16.06%
USCS CL
y = -0.043ln(x) + 0.5616
R² = 0.8184
15%
20%
25%
30%
35%
40%
45%
50%
1 10 100
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Date test Nov 6,2012
Date weighted 7-Nov-12
Sample I.D 3
Liquid limit
Can No. N56 n4 n55 n14 n24
Can Weight (g) 11.4 11.3 11.4 11.5 11.7
Can & Wet 
Sample (g) 23.4 22.9 22.9 22.2 23
Can & Dry 
Sample (g) 19.5 19.2 19.2 18.8 19.3
Moisture ω  (%) 48.15% 46.84% 47.44% 46.58% 48.68%
Blow 30 35 19 18 9
Plastic limit
Can No. n35 n21
Can Weight (g) 11.7 11.4
Can & Wet 
Sample (g) 15.2 15.4
Can & Dry 
Sample (g) 14.5 14.7
Moisture (%) 25.00% 21.21%
Liquid Limit: 48.00%
Plastic Limit: 23.11%
Plastic Index: 24.89%
A-line 20.44%
USCS CL
y = -0.008ln(x) + 0.5007
R² = 0.2588
15%
20%
25%
30%
35%
40%
45%
50%
55%
1 10 100
W
at
er
 
co
n
te
n
t
Number of Blows
Sample A
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Date test Nov 6,2012
Date weighted 7-Nov-12
Sample I.D 4
Liquid limit
Can No. n28 n8 t3 t17 t1
Can Weight (g) 11.7 11.4 11 11 11.1
Can & Wet 
Sample (g) 19.1 20.5 18.4 20.9 19.6
Can & Dry 
Sample (g) 16.8 17.6 15.9 17.5 16.4
Moisture ω  (%) 45.10% 46.77% 51.02% 52.31% 60.38%
Blow 48 30 20 15 8
Plastic limit
Can No. t16 n49
Can Weight (g) 11 11.3
Can & Wet 
Sample (g) 15.6 15.4
Can & Dry 
Sample (g) 14.6 14.5
Moisture (%) 27.78% 28.13%
Liquid Limit: 49.50%
Plastic Limit: 27.95%
Plastic Index: 21.55%
A-line 21.54%
USCS CL
y = -0.086ln(x) + 0.769
R² = 0.9544
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
65%
1 10 100
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at
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Date test Nov 6,2012
Date weighted 7-Nov-12
Sample I.D 5
Liquid limit
Can No. t11 n26 t10 t19 t21
Can Weight (g) 11.1 11.5 10.9 11 11.2
Can & Wet 
Sample (g) 19.8 22.9 20.2 19.5 21.7
Can & Dry 
Sample (g) 17.2 19.4 17.2 16.8 18
Moisture ω  (%) 42.62% 44.30% 47.62% 46.55% 54.41%
Blow 53 29 21 14 9
Plastic limit
Can No. n32 t15
Can Weight (g) 11 11
Can & Wet 
Sample (g) 15.7 15.7
Can & Dry 
Sample (g) 14.6 14.6
Moisture (%) 30.56% 30.56%
Liquid Limit: 46.00%
Plastic Limit: 30.56%
Plastic Index: 15.44%
A-line 18.98%
USCS
y = -0.06ln(x) + 0.653
R² = 0.8044
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
1 10 100
W
at
er
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t
Number of Blows
Sample A
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Date test Nov 7,2012
Date weighted 8-Nov-12
Sample I.D 9
Liquid limit
Can No. n33 n3 n48 n37 n20 T10
Can Weight (g) 11.4 11.1 11.6 11.4 11.4
Can & Wet 
Sample (g) 19.2 19.1 19 19.6 17.4
Can & Dry 
Sample (g) 16.9 16.6 16.6 16.9 15.4
Moisture ω  (%) 41.82% 45.45% 48.00% 49.09% 50.00%
Blow 64 44 17 25 15
Plastic limit
Can No. N7 N2
Can Weight (g) 11 11.1
Can & Wet 
Sample (g) 17 17.7
Can & Dry 
Sample (g) 15.7 16.2
Moisture (%) 27.66% 29.41%
Liquid Limit: 47.00%
Plastic Limit: 28.54%
Plastic Index: 18.46%
A-line 19.71%
USCS ML
y = -0.049ln(x) + 0.6334
R² = 0.859
15%
20%
25%
30%
35%
40%
45%
50%
55%
1 10 100
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APPENDIX 3 
ADDITIONAL DATA 
  
 
Change in conductivity from May to June, Vertical Dipole Values
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Change in conductivity from June to July, Vertical Dipole Values
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Change in Conductivity from October to November, Vertical Dipole Values
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Change in horizontal conductivity values, 
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